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Abstract
The black drum, Pogonias cromis (Sciaenidae), is a molluscivorous,
coastal/estuarine species, often associated with oyster reefs, that is sought in recreational
and commercial fisheries. I used a radio-acoustic positioning system and an array of
moored receivers to monitor movements of 34 black drum around oyster reefs in
Barataria Bay, Louisiana from March 2006 to February 2007. Residence time was
variable; five fish were detected almost daily for more than 60 days, but others only on
the day of release. Daily movements exceeded spatial coverage, and home range sizes
could not be determined. Short-term site fidelity to reefs was higher in the fall than
spring. Long-term site fidelity was observed with 64% of fish released in the spring
returning in the fall. Diel activity on oyster reefs was nocturnal during warmer months
and corresponded closely with twilight, but was diurnal in cooler months. Diel
movement was more rapid shortly before sunset and after sunrise and slower during the
night. Movement rates are among the slowest observed with a positioning system, 8-14
meters/minute. A geographic information system was used to examine spatial and habitat
use. A habitat selection index (HSI) showed preference for oyster reef habitat, avoidance
of soft sediment, and no selection for marsh edge. Conventional tag and release methods
were used simultaneously to determine long-distance movement, local abundance, and to
test whether catch and release deters predation on oysters. Of 790 fish tagged, five were
recaptured, four at the site of release. Oyster mortality was decreased in the spring due to
the disturbance involved in mark and recapture, but not the fall, and a correlation was
found between increasing catch and dissolved oxygen concentrations. From an oyster
management perspective, short-term removal of fish is not likely to increase oyster
survival due to extensive daily movements and immigration.
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Introduction
Black Drum-Oyster Research
Large black drum, Pogonias cromis, are important predators of oysters in
Louisiana, and cause mortality as high as 90% on commercial leases (Brown et al. 2003
& 2006). In a survey of lease holders in Louisiana, fifty five percent reported that black
drum predation was an important loss to production (LDWF 1999). Fish feed in schools
on oysters, use chin barbels to locate prey, and powerful pharyngeal teeth to crush shells.
They can consume as many as 30 oysters a day per fish (Cave 1978). Mortality rates are
not high in inter-tidal oyster beds because of their exposure and the aggregated growth
form, but commercial, sub-tidal oyster leases often experience high mortality rates either
after small, individual “seed” oysters are bedded in the fall, or when black drum return to
estuarine waters in the spring after spawning in coastal passes. Their ability to decimate
commercial oyster beds suggests a need for biological control.
Little is known about the movements of black drum in Louisiana’s estuarine
complex. For effective management decisions to be made, it is important to know reef
site fidelity, residence time, diel and seasonal movement patterns, and feeding behavior
of fish.
Researchers at LSU have studied the predator-prey relationship between black
drum and oysters (Brown et al. 2003, Brown et al. 2006, Brown et al. ms in prep). The
focus has been to develop novel deterrent methods to prevent fish from eating
commercial oysters or avoid leases altogether. Three experimental deterrents have been
tested; the scent of dead conspecifics, underwater acoustics, and removal using two
fishing gear types.
Scent did not significantly lower feeding rates, although field experiments did
show that mortality was 63-93% in the month after seeding (Brown et al. 2003).
Underwater acoustics used synthesized sound, recordings of black drum vocalizations,
and a hammer/steel drum approach as stimuli and gauged whether fish responded
spatially or had decreased feeding rates. Only experiments using low frequency sound,
<20Hz displaced from the sound source and no treatment significantly depressed feeding
rates. Low frequency sound was deemed impractical due to the large amount of power
required and the remote location of oyster leases (Brown et. al 2006).
In 1995, the Louisiana State Legislature eliminated the use of gill nets in marine
waters, ending collaboration between fin fishermen and oyster fishermen in removing
black drum from oyster reefs. With renewed interest in a limited fishery for black drum,
two fishing gears were tested to determine: effectiveness at removing large black drum,
and whether removal leads to a significant increase in survival and harvest of commercial
oysters. Gill nets and baited trot lines were effective at removing black drum and
enhancing oyster survival, although predation risk varied seasonally and spatially (Brown
et al. ms in prep). The information in this thesis on site fidelity and movement patterns
will hopefully explain this spatial and seasonal variation.
Economic and Ecosystem Value of Black Drum and Oysters
Louisiana supports a modest commercial black drum fishery, averaging 1.2x106
kilograms annually and accounting for 46% of the national catch (pers. comm. NMFS
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Fisheries Statistics January 5, 2007). Regression of catch data indicates a clear increase
in the fishery over time (Fig 1).

Figure 1: Commercial landings for black drum in Louisiana 1996-2004 (data pers. comm.
NMFS Fishery Statistics Division).
The importance of the black drum fishery to the state has been increasing and is
worth an estimated $2,241,224 in 2004. Information on movements and spatial use can
aid stock assessments for this increasingly important species. The commercial fishery
uses trot lines and trawls in state waters and gill nets, trammel nets, drag-seines, and
strike nets in federal waters. Baited trot lines account for 60% of the catch. The annual
harvest quota for Louisiana is 1.47 million pounds of fish, measuring 16-27 inches total
length, and 300,000 fish longer than 27 inches (Louisiana 2006). Little is known about
black drum populations in Louisiana, their movements, and the impact of the fishery;
they are managed based on stock assessments for red drum.
The Louisiana oyster industry supplied 48% of the production of eastern oysters
(Crassostrea virginica) produced in the United States from 1995-2004 (NMFS 2004).
Landings averaged 6,089,511 kgs worth $29,689,629. The oyster industry contributes
greatly to the state economy employing more than 3,300 and accounting for 10% of
economic value of the fishery.
Oysters are ecosystem engineers that create biogenic reef habitat important to
estuarine biodiversity, benthic-pelagic coupling, and fishery production. Oysters
represent an important trophic link in estuaries as consumers, donors, and by providers of
refuge for many other species. The decline of oysters and associated fauna by 2 orders of
magnitude on the east coast of the United States has been well documented (Rothschild et
al. 1994, Lenihan and Peterson 1998, Jackson et al. 2001).
The role of oyster reef habitat in fish production has received increased attention
since the 1996 amendments to the Magnuson-Stevens Fishery Conservation and
Management Act. The changes sought to identity essential fish habitat to be incorporated
into fishery management plans. However, oyster reefs have not received the same
protection as other marine and estuarine habitats because of their importance as an
extractable resource (Coen et. al 1999a). Research shows that natural and artificial oyster
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reef habitat is important to many estuarine fishes (Coen et. al 1999b, Harding and Mann
2001, Lenihan et. al 2001, Meyer and Townsend 2000). Artificial oyster habitat can play
a major role in Louisiana’s fisheries production covering a significant amount of space,
more than 392,000 acres of water bottom in 2006 (LDWF). In Barataria Bay, resident
fish abundance was greater on cultch oyster reef, than adjacent mud bottom, but transient
fish abundance did not differ (Plunket and La Peyre 2005).
Objectives
I have several objectives: first, to contribute to the knowledge of this little-studied
species that is abundant and important to ecosystem processes and fisheries on the Gulf
and Atlantic coasts of the United States. Second, to document movement patterns and
site residency to protect commercial oyster leases from predation and manage the fishery.
Third, quantify habitat use with passive monitoring techniques. And lastly, to test
whether disturbance from mark-recapture techniques lead to increased oyster survival.
Acoustic telemetry has never been used with black drum, and little is known
about fine-scale movements and diel behavior patterns. I studied three spatial scales with
an ample sample size for nearly a year. Conventional dart tags were used to follow fish
movement on a regional scale. An array of single-channel receivers was used to
determine broad movements, site fidelity, and habitat use. A positioning system plotted
fish movements, habitat use, and speed of movement over an individual oyster reef. I am
particularly interested in how site fidelity and losses of oysters to predation vary spatially
and temporally and whether any abiotic factors can help explain this pattern.
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Review of Literature
Life History and Movements of Black Drum
Black drum are the largest member of the sciaenid family and are found in
nearshore waters from Nova Scotia to Argentina. Maximum age is nearly 60 years, and
fish can reach weights of over 60 kg on the Atlantic coast of the United States (Murphy
and Taylor 1989, Murphy et al. 1998, Beckman et al 1990). Although the species is
abundant and long lived, individuals in the Gulf of Mexico do not reach such great sizes
(Matlock 1990). In a collection of 1357 black drum from coastal Louisiana, the largest
fish was 22.6 kg and maximum age was 44 years (George et al. ms in prep).
Black drum are euryhaline and can be found in water ranging from 80‰ to fresh
water (Gunter 1956, Simmons and Breuer 1962). Fish in hypersaline conditions show
physical stress, and the preferred range is 9-26‰ (McIlwain 1978). They are tolerant of
temperatures from 3 to 35ºC (Simmons and Breuer 1962).
Annual growth rate for ages 1-3 is 100-150 mm/year-1and then slows to 10-50
mm/year-1 for ages 10-20 (Simmons and Breuer 1962, Murphy and Taylor 1989). Age
and size of maturity is 4 or 5 and 590-620 mm for males and 5 or 6 and 640-699 mm for
females (Murphy and Taylor 1989, Nieland and Wilson 1993). Black drum are multiple
spawners capable of spawning every three days (Fitzhugh et al. 1993). Eggs are 0.8-1
mm in diameter and pelagic. Fitzhugh et al. (1993) estimated fecundity of average sized
females weighing 13.4 pounds at 32 million eggs annually. Batch fecundity is estimated
at .5 to 2.6 million ova (Nieland and Wilson 1993, Macchi et al. 2002). Observed sex
ratios of adult fish are not different from the expected 1:1 ratio (Murphy and Taylor 1989,
Nieland and Wilson 1993).
Peak spawning activity in the Gulf of Mexico takes place in coastal passes and
deep channels from January to April (Fontenot and Rogillo 1970, Nieland and Wilson
1993). Aggregations of drumming fish indicative of spawning behavior have been
observed at salinities of 10 to 27 ‰, temperatures of 15-24ºC, and depths of 3-50 m, with
aggregation size increasing with dissolved oxygen concentration (Saucier and Baltz
1993).
Juvenile black drum feed primarily on annelids, polychaetes, small fishes, and
crustaceans (Simmons and Breuer 1962).
Adult fish are almost exclusively
molluscivorous (Darnell 1958, Simmons and Breuer 1962, Cave 1978, Martin 1979,
Dugas 1986, Cate and Evans 1994, George et al. ms in prep). Predation on oysters has
received considerable attention because of economic losses suffered by oyster fisherman
(Cave 1978, Brown et al. 2003, Brown et al. 2006). Fish locate potential prey items with
sensory barbels on the lower jaw and use inertial suction to pick them up. Prey are then
positioned between the powerful upper and lower pharyngeal teeth and crushed before
swallowed. Much of the sediment and shell fragments ingested are expelled through the
gill openings and not swallowed (Cave 1978, Cate and Evans 1994, and Grubich 2005).
The frequency and size of mollusks in the diet increases with fish size and strengthening
of jaw musculature (Cave 1978, Dugas 1986, George et al., ms in prep). The crushing
force of a relatively small adult black drum (4.5 kg) of 1,259 N is the highest ever
documented for bony fish and among the strongest of all vertebrates (Grubich 2005).
Knowledge of black drum movement comes from a handful of mark-recapture
studies. An annual spawning migration is often noted in movement studies. Miles
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(1949) reported that mature drum remain in bays until nearly ripe before migrating
toward coastal passes and then quickly return to the preferred bay habitat soon thereafter.
Simmons and Breuer (1962) described two pronounced movement patterns during a large
mark-recapture study, including spawning migrations and a movement toward stream
inlets and freshwater. The authors reported constant movement in search of food, but
little intra-bay movement when food is abundant. Recapture rates were low in Texas
bays (97 of 9,109 tagged fish), and nearly 60% of recaptures were within 5 miles of the
tagging site (Simmons and Breuer 1962). The longest migration reported was 245 miles
in less than one year. Osburn and Matlock (1984) found that black drum in Texas bays
did move extensively within the bay, with 44% moving more than 10 km. Very few fish
were recovered outside of the bay in which they were tagged, but 75% of those were
found in adjacent bays.
In the Banana Creek (16 km2) and North Banana River (24 km2) marine reserves
at Cape Canaveral, protection from fishing for 35 years benefited black drum abundance,
size and age and indicates limited movement. Protected areas had 12.8 times greater
biomass and suggested that fish are year round residents. Increased biomass also
indicated that reserves size was larger than drum home range size (Roberts et al. 2001).
In a mark-recapture study in the same reserves and adjacent Indian River Lagoon, 1468
drum were tagged with 53 (3.6%) recaptured (Tremain et al. 2004). Another Indian
River Lagoon study of 707 black drum returned 26 fish (3.7%) some of which migrated
considerable distances up to 619 km, the longest reported migration (Murphy et al. 1998).
In a Florida tagging study, most fish tagged along rivers and inland waterways had
limited movement; only 7% moved more than five miles. In contrast, when fish were
caught along beaches, 50% moved five miles or more with the longest distance traveled
of 86 miles (Topp 1963).
Little is known about the movement of fish in Louisiana’s large bays and coastal
estuarine system. Tagging studies from estuarine waters generally indicate that the
majority of black drum do not make substantial movements from their release sites and
remain in a “home bay”, although individuals are capable of migrating hundreds of
kilometers (Simmons and Breuer 1962, Tremain et al. 2004, Murphy et al. 1998, and
Topp 1963).
Conventional Tagging and Acoustic Telemetry
The study of spatial behavior of fishes is crucial to understanding population and
community processes that have implications for stock management and evaluating
conservation efforts, such as the effectiveness of no-take reserves.
Mark-recapture tagging techniques date back to the 17th century and can address
many research questions including: estimations of population size, growth, mortality,
movement patterns, home range size, and migration routes. In one of the best known
mark-recapture studies, the home range size and site fidelity was determined for
Fundulus heteroclitus (Lotrich 1975). One drawback of the technique is that it
underestimates movements because of spatially limited and biased re-sampling effort
(Lucas and Baras 2000). Commonly used external “conventional” tags include: the
Peterson disk, Bachelor button, oval bars, anchor tags, Carlin tags, dart tags, self-locking
tags, glue on tags, streamer tags, and spaghetti tags. Coded wire tags have been
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developed to uniquely identify very small fish internally; this is useful in high density
tagging operations such as with hatchery raised fish.
Telemetry methods are increasingly providing researchers with tools to better
understand the spatial behavior and movement of fishes (Lucas and Baras 2000).
Electronic transmitters developed in the 1970’s have revolutionized the way fish behavior
and migration is studied. Electronic transmitters include: passive integrated transponder
(PIT) tags, radio and acoustic battery-powered transmitters, and archival tags.
Telemetry is the science of conveying information from one location to another.
Telemetry transmitters emit sonic signals to receivers that detect them. Radio
transmitters commonly use ultra-high frequencies of 40-200 mHz. Radio signals are
received by antennae either submersed or aerial and are best suited for fresh water where
signal strength is not limited by depth and conductivity. Radio tracking was used to
evaluate use of a no-kill fish area, home range size, and seasonal variation in movement
of brown trout (Clapp et al. 1990).
In estuarine and saltwater environments, radio tracking is impractical because of
rapid absorption of radio sound waves, and acoustic telemetry must be used. Acoustic
transmitters emit ultrasonic sound (pings) normally in the frequency range of 30-300
kHz. Sound is produced when an electrical current driving a cylindrical ceramic
transducer produces stress between two layers in the transducer. Transmitter size is
determined by the size of the transducer and type of power source. Tag diameter and
reception range vary inversely with frequency. Large diameter tags are used on large
pelagic fish and mammals and operate at 30-50 kHz with a range over 2 km (Klimley et
al. 1998). Acoustic transmitters can operate on a continuous or intermittent basis
dependent on the research objectives. Continuous transmitters or “pingers” are preferred
for manual tracking studies where it is advantageous to maintain constant communication
with the fish. Multiple continuous transmitters at the same location typically operate at
different frequencies. Intermittent transmitters normally operate on the same frequency
and are individually coded with different sonic pulse repetitions so individuals can be
identified. Acoustic transmitters can also be supplemented with sensors to measure
pressure (depth), external and internal temperature, salinity, dissolved oxygen, heart rate,
tailbeat, and swimming speed (reviewed by Arnold and Dewar 2001).
Acoustic signals are detected by hydrophones that can be situated independently,
in arrays, or deployed from a vessel. Tracking the movements of individuals can be
passive or active. Passive tracking has the advantage of not disturbing the research
subject; however movements are unknown if fish leave the reception range of stationary
receivers. A single receiver placed at a specific location can be used to test site fidelity to
spawning sites, foraging areas, and aggregating devices (Klimley and Holloway 1999,
Ohta et al 2001, Klimley and Jorgensen 2003). Spatial scale of single receivers is
normally less than 1 km2. With the availability of relatively inexpensive receivers that
can simultaneously listen for hundreds of transmitters, researchers can use multiple
independent receivers covering tens to hundreds of km2. By using more than one
receiver many behavioral characteristics can be estimated including: directionality, speed
of movement, habitat use, and home range size. The typical receiver used in array
systems is a single channel, omnidirectional unit that is capable of recording a fish
identification number, time stamp, and telemetered data.
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Two schemes of placement are commonly used: a gate or curtain arrangement
(e.g. Lacroix et al. 2004) and a grid arrangement (e.g. Heupel et al. 2004, this study). If
the objective of a study is to gather information on home range size, habitat use, and
movement patterns, then a grid system with overlapping detection ranges between
receivers is used (Heupel et al. 2005). Alternatively, if the objective is to determine the
timing and movement along a directed path, such as in and out of coastal lagoons, then a
linear gate or curtain arrangement might be desired. Topographic variability and
environmental conditions including wave action, salinity, depth, air bubbles, suspended
matter, sediment type, biological noise, and boat traffic often vary temporally and
spatially within a study area and should be considered and tested when designing an array
(Heupel et al. 2006). Biological fouling on the receiver hydrophones can also limit
detection range and cause problems if not cleaned on a regular basis. For detecting
benthic or demersal animals, the receiver should be moored in the water column with
hydrophone pointed downwards and for animals living higher in the water column, the
receiver should be moored below with hydrophone up (Heupel et al. 2006).
Simpfendorfer et al. (2002) estimated the positions of short term centers of
activity from a grid array. They estimated fish distance from receiver based on the
assumption that the number of detections declines linearly with distance, and then
receiver locations were weighted by the number of detections to give coordinate estimate.
One application of acoustic telemetry has been to quantify the effectiveness of
marine protected areas by comparing home ranges of fish with reserve boundaries
Researchers in Hawaii have tagged and actively tracked giant trevally (Wetherbee et al.
2004), whitesaddle goatfish (Meyer et al. 2000), Hawaiian stingray (Cartamil et al. 2003),
and the bluespine unicornfish (Meyer and Holland 2005) in marine reserves. Egli and
Babcock (2004) used an array of seven overlapping receivers to track snapper movements
in the Goat Island Marine Reserve, New Zealand. An array of 15 overlapping receivers
was used to track snapper in an estuarine system in New Zealand (Hartrill et al 2003).
The movements of California sheephead were actively tracked to determine home range
size in a California marine reserve (Topping et al. 2005). Bonefish movements were
monitored by using a receiver array to assess site fidelity to foraging areas in the Florida
Keys (Humston et al 2005).
Acoustic telemetry research on the movement patterns of elasmobranchs has also
received attention (e.g. Klimley et al. 2002, Heupel et al. 2004 and Sepulveda et al.
2004). Passive and active monitoring of nursery habitat use by juvenile and neonate
elasmobranchs is helping managers identify essential habitat in highly impacted coastal
zones (Heupel and Heuter 2001, Heupel et al. 2004). In a similar study, Rechisky and
Wetherbee (2003) actively tracked the movements of juvenile sandbar sharks and found
great variability in movement. The movements of adult Nurse and Caribbean reef sharks
were observed with an array of 22 receivers at Glovers Reef Marine Reserve, Belize
(Chapman et al. 2005), and the authors advocate an ecosystem-based management
approach for conserving these species (Chapman et al. 2005).
Cable and radio-linked receiver systems have been developed to study the finescale movements of animals over limited spatial scales (O’dor et al. 1998, Klimley et al.
2001). The two most common systems in use are the VEMCO Radio Acoustic
Positioning system (VRAP, VEMCO Ltd., Shad Bay, Nova Scotia) and Lotek Map 600
(Lotek, Newmarket, Ontario, Canada). These systems triangulate transmitter location
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based on the signal arrival times at three or more receivers. This technology can provide
detailed information on movements and habitat use and, if combined with telemetry
sensors, the physiology of animals over long periods of time. The VRAP system is
unique because, working in conjunction with a pressure senor transmitter; it can provide
3 dimensional movement data for an individual fish with 1-2 meter accuracy (Klimley et
al. 1998, O’Dor et al. 1998).
In perhaps the best known research to date, the VRAP system was used in the late
1990s to study the foraging strategy and behavior of white sharks adjacent to a seal and
sea lion rookery (Klimley et al. 2001). The reception field of the buoys was 1 km2 in
which the seven individuals studied spent approximately 40% of their time. They found
that animals patrolled independently with movements parallel to the shoreline but
remained in proximity to exploit the kill of another animal. Further work on white shark
foraging behavior is being done at Seal Island, Australia, by using the VRAP system and
an array of VR2 receivers to track both the sharks and the seals (Kock et al. 2006).
High resolution data provided by positioning systems can be used to design and
assess the effectiveness of marine protected areas. The crossing of boundaries, also called
the “spillover effect”, is important for managing populations within reserves and will
vary from species to species based on their life history and behavior. The first study to
use the VRAP system in association with a MPA tracked the movements of Nassau
grouper in the Exuma Cay Land and Sea Park, Bahamas (Bolden 2001). Bolden
acoustically tagged 24 fish and tracked their movements for three weeks. Most fish
showed a high degree of site fidelity to patch reefs with well defined home ranges during
the study. The VRAP system has also been used to track the movements of snapper in
the Leigh Marine Reserve, New Zealand (O’Dor et al. 2001). Site fidelity of fish varied
with core activity areas from 50-400m in radius. Other studies of animal movement used
a VRAP system associated with MPAs include, reef squid, snapper, and stripey in
Australia (O’Dor et al. 2001) and horseshoe crabs in Japan (O’Dor et al. 2001).
Positioning systems are also useful to study the habitat preferences of animals.
The movements of 10 rockfish were tracked over 24 days to assess home range size
(Jorgenson et al. 2006). The fish showed very high site fidelity to small core areas
(1350m2) around rock pinnacles within kelp habitat where they spent ~83% of time. The
VRAP system has also been used successfully in the freshwater environment to identify
spawning habitat and track movements of lake whitefish and perch (Bégout Anras et al.
1999, Zamora and Moreno-Amich 2002).
Communicating History Acoustic Transponder or CHAT transmitters are another
option for researchers (Holland et al. 2001). CHAT tags can be tracked with moored
receivers or a mobile hydrophone system. CHAT tags are unique in that they are archival
tags capable of uploading stored data via sonic modem technology. These tags are ideal
for gathering long-term data on animals that show predictable site fidelity to a resting,
foraging, or spawning area where receivers can be placed. CHAT tags are capable of
sampling water and depth data at pre-set intervals and then condense the data into
histograms for storage. The popularity of CHAT tags has been limited because they are
not capable of recording any location data except the distance from tag to receiver when
archived data is being uploaded. In most cases, researchers have opted to use the more
versatile but expensive pop-up archival tags.
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The use of underwater videography in conjunction with acoustic telemetry has
also been done to study habitat use and movements. Crittercam was used in combination
with acoustic telemetry in Shark Bay, Australia to study the foraging behavior of tiger
sharks (Heithaus et al. 2002). Baited and unbaited moored underwater video is also used
to observe behavior, relative density, and size structure (Willis et al. 2003).
Archival (data storage) tags were developed in the 1990’s to study the movements
of fishes in remote environments over large spatial and temporal spans. The initial
studies to use archival tags were on southern bluefin tuna (Gunn et al. 1994), plaice in the
North Sea (Metcalfe et al. 1994), and Atlantic salmon (Sturlaugsson 1995). The tags
were originally developed to study the movement of large pelagic fishes with high fishery
pressure, and data collection was fishery dependent. Archival tags contain light sensors
for geolocation and often have sensors built in to record external environmental and/or
internal physiological data. The tags have been a breakthrough in the study of highly
migratory species; however there are some drawbacks including: high cost, high
incidence of tag failure, low tag recovery, and inaccuracy with geolocation estimates
(Arnold and Dewar 2001).
The advent of pop-up archival tags (PAT) allowed data collection to be captureindependent by transmitting data to an ARGOS satellite upon tag detachment. Pop-up
tags can be pre-set to release at a specified time. Tuna have been the subject of choice
for many archival and PAT tagging studies because of commercial value and interest in
seasonal movements, spawning locations, foraging ground, and environmental
preferences (Block et al 2001a, Klimley and Holloway 1999, Hampton and Gunn 1998,
Block et al. 2005). PAT tagging of elasmobranches has also received attention because
of rapidly dwindling numbers and the need for information on basic life histories and
movement patterns to aid conservation decisions (Weng and Block 2004). Tagging of
basking sharks dispelled the notion of a winter hibernation period and showed that
animals made extensive horizontal and vertical migrations along the continental shelf to
exploit productivity hotspots (Sims et al. 2003). PAT tagging of white sharks captured
the fastest transoceanic return migration of swimming fauna ever recorded and provided
evidence for mixing between populations in Australia and South Africa (Bonfil et al.
2005).
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Materials and Methods
Study Area Description
The study took place in Barataria Bay approximately 60 kilometers south of New
Orleans, Louisiana. Barataria Bay is a shallow estuary with predominately wind driven
circulation patterns and little tidal amplitude. Land loss in the Barataria Bay complex is
among the highest in the region due to subsidence, creation of canals, sea-level rise, and
the lack of sediment delivery. Specific study sites were Creole Bay (29o22.785’N,
90o00.469’W) and Redfish Bay (29°22.976 N, 090°01.305W (Fig 2).

Figure 2: The study area in south-east Louisiana.
The habitat consists of: broad expanses of shallow (<3m) soft bottom, natural and
commercial oyster reefs, Rangia shell middens, and eroding marsh islands dominated by
smooth cordgrass, Spartina alterniflora, and increasingly Avicennia germinans. Loss of
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marsh in the study area was evident after hurricanes Katrina and Rita in the fall of 2005
(personal observation).
Commercial oyster leases in the study area have been worked for more than 60
years. Salinities have increased over this time, and these sites are now situated along the
transition of the wet-dry and wet oyster resource zones (Melancon et al. 1998). The wet
zone is typically in the mid to lower regions of coastal Louisiana estuaries where subtidal
oysters may be found if salinities are depressed. The wet-dry zone is in the mid estuary
where subtidal oysters are consistently found due to favorable salinities between 5-15
ppt. Major problems associated with bedding oysters in these areas include salinity
stress, increased incidence of Perkinsus marinus, and increased predation pressure by
Stramonita haemastoma, Pogonias cromis, and Menippe mercenaria (Melancon et al.
1998). To the east of Creole Bay is Barataria Bay, and to the west is Hackberry Bay,
important for petroleum extraction and one of the state’s largest public oyster seed
grounds. Several deep channels are located in or adjacent to the study area; this type of
habitat can be utilized by spawning aggregations of black drum in winter and spring
(Nieland and Wilson 1993).
Two commercial oyster reefs were used as experimental study sites, Creole Bay
o
(29 22.785’N, 090o00.469’W) and Redfish Bay (29º22.973N, 090º01.305W). The sites
are 1400 m apart and separated by a marsh island. Both sites have hard shell substrate
with a majority of dead shell, few live oysters, and little vertical relief due to semiannual
dredging for harvest. However, reefs are sometimes abandoned for several years if
predators become superabundant, or salinity conditions are not favorable (Peter
Vujnivich Jr., personal communication). The site at Creole Bay has been used previously
to study black drum-oyster interactions (Brown et al. 2003 and Brown et al. 2006). Three
5cm diameter PVC poles spaced 5 meters apart marked the center of each site. Holes
were drilled through center poles about two feet above mean tide level, and a rope bridle
was attached to moor trays to monitor oyster survival. Five additional PVC poles marked
the outer boundary of the site, approximately 100 meters in diameter. The site at Redfish
Bay is situated at the mouth of a tidal creek with a salt marsh island to the south. The site
at Creole Bay is adjacent to a saltmarsh island lying to the west and vulnerable to wave
action from Barataria Bay during east winds. A traditional tagging project was conducted
during the spring and fall of 2006 at the oyster reef at the Redfish Bay site. The reef at
Creole Bay was used for fine-scale acoustic monitoring of fish movements and feeding
behavior.
Seeding of Reefs
Redfish Bay and Creole Bay sites were seeded (bedded) with commercial oysters.
Oysters were collected from public seed grounds on the east side of the Mississippi River
during March 12-14 and September 25-27, 2006. Seed oysters, 2.5 to 10 centimeters in
length, were collected by mechanical dredge on a 14 meter oyster boat, transported to
sites and unloaded with duel water cannons and shovels (Fig. 3). The load was split
evenly between sites by circling the center poles and staying within the outer boundary
poles.
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Oysters in spring experiments were on average large (6-10 cm) and attached to
oyster shell cultch with a considerable coating of hooked mussels, Ischadium recurvum.

Figure 3: Oyster boat seeding (bedding) oysters onto the reef.
In the spring of 2006, public oyster seed grounds had only recently reopened following
the coastal devastation of Hurricane Katrina in late August of 2005. Seed oysters were
scarce on public grounds, and a small load was divided equally between the two reefs. In
the fall, the load supplied was much larger, and consisted of small oysters mostly 2.5-6
cm in length, with few attached hooked mussels.
Oyster Survival
To monitor oyster survival, five 0.67m2 plastic Nestier trays were deployed at
each site. Trays were weighted with steel bars so they would rest on the substrate when
empty. Rope bridles were attached to the corners of the trays and suspended in the water
column by a small float to prevent interference with fish feeding (Fig. 4).

Figure 4: Nestier tray filled with 100 oysters to monitor fish feeding.
The bridle was attached to a 5-meter-long retrieval rope terminating with a snap clip.
The clips were attached to a loop of rope on center poles at each site. The five replicate
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trays were attached to the three center poles and filled will 100 oysters each. Oysters
were culled into singles, and hooked mussels were removed before filling trays. Trays
were deployed subsequent to seeding the sites and checked every three to four days when
weather was favorable. The number of oysters remaining was recorded, and trays were
replenished to 100 oysters. Natural mortality of oysters and shell fragments indicative of
predation were also noted. A supply of 5,000 culled oysters were initially kept in plastic
mesh bags near the site and used to replenish trays. A daily mortality rate was
determined to standardize between varying times between checks.
Fishing Methods
Black drum were collected with baited trot lines at Redfish Bay for the traditional
mark-recapture study. Each lead-core trot line rested on the substrate and had 25 circle
hooks on one-meter gangion lines spaced every 2.5 meters. Gangions had a quick release
clip to attach to the lead line and were made of 300 lb monofilament. Each size 13/0
circle hook was baited with a blue crab chela; this bait is commonly used to catch black
drum by commercial fisherman and is slow to decay. Circle hooks, also known as tuna
hooks, typically catch fish in corner of the maxilla causing less damage than j hooks. The
trot lines had 6.8 kg river anchors at each end attached to surface floats for retrieval.
Four 69-meter-long lines were set in a square arrangement with approximately 20 meters
between lines. The trot lines surrounded the area where oysters had been seeded. A fifth
trot line with 25 hooks was used for short 2-4 hour sets to catch black drum at the Creole
Bay for acoustic tagging.
Trot lines were checked and re-baited daily from March 12-April 5 and
September 27-October 20 2006. Lines were also set for one day intervals on the
following days, April 28, May 12, June 8, June 27, July 21, 2006 and January 26, 2007.
Lines were pulled across the bow of a 7 meter-long boat and placed in a champagne
basket. The gangions were unclipped, baits removed, and fish were transferred to a 570
liter aerated holding tank in the stern of the boat. Data including date, direction of trot
line, species, standard and total length, the dart tag number for black drum, and any notes
or observations were collected. Bycatch were returned following measurements, and
lines were redeployed with fresh bait. The total amount of time for two researchers to
process fish and reset the lines was two to three hours.
Conventional Tagging
PDA type plastic-tipped dart tags (Hallprint Pty Ltd, South Australia) 13 cm in
length, individually identified each fish. Tags were inserted with a 4 mm outside
diameter needle with dowel handle. A scale was removed, and tags were inserted
between the second and fourth dorsal pterygiophores, about two centimeters below the
spine (Fig. 5). The insertion needle was oriented so that the barb on the tag head was
pointing towards the posterior of the fish and withdrawn to anchor the tag between
pterygiophores (personal communication David Hall, Hallprint Pty Ltd).
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Figure 5: Placement of dart tag between the third and forth pterygiophores.
If there was any doubt as to whether the tag was secure, a second tag was inserted. The
colors used, yellow, orange, pink, and red, maximized visibility. Dart tags had
information for fisherman to contact researchers, but no reward was offered. A retention
study on eight black drum in small saltwater ponds showed 100% retention after four
weeks.
Acoustic Tagging
Fish outfitted with acoustic transmitters were initially captured on trot lines. The
majority, 28 of 34, were collected from Creole Bay; however six were from Redfish Bay
in fall 2006. Fish were removed from lines, and transported in the 570-liter holding tank
to an 18 meter research vessel moored on site, and were then transferred to a large
holding tank or floating pen moored near the vessel. The 3,000 L holding tank was
outfitted with a flow-through system with ambient bay water. A stand-pipe kept the
water level constant at about 60 cm and 1,000 liters. The floating holding pen was
constructed from a two meter diameter circular hoop net approximately 2 meters deep.
The net had floats attached to the top ring to provide buoyancy and a bridle for
suspension from a hoist. The holding tank and floating pen could hold three fish for short
periods, and fish were held for observation an hour prior to surgery.
Acoustic transmitters were surgically implanted into the coelomic cavity of fish.
VEMCO type V-16-5H-R04K coded transmitters functioning on a frequency of 69 kHz
(Vemco Ltd., Nova Scotia) were 92 mm long, 16 mm in diameter, weighed 16 g in water,
and operated with 159 dB re 1uPa@1m of output (Fig. 6). Transmitters operated with a
delay time between 30-114 seconds and battery life of 386 to 474 days. Each transmitter
was individually coded with an identification number recognized by Vemco receivers.

14

Figure 6: Vemco V16 acoustic transmitter.
Fish were anesthetized in a solution of 120 mg/liter MS222 (tricaine
methanesulfonate, Western Chemical Inc., Ferndale, WA) 3-5 minutes prior to surgery.
Once gill movement had slowed, fish were removed from the anesthetic bath, measured
(SL and TL), weighed, and fitted with a dart tag. Fish were then placed dorsal side down
in a surgical cradle constructed from a polyethylene drum. The cradle fit around a
container filled with a surgical bath solution of 60 mg/liter MS 222. The solution was
used to moisten the gill filaments with a baster during surgery. Scales were removed
with forceps from the ventral side of the fish, 6-10 cm posterior of the pelvic fins and one
cm off center of the ventral midline. The area was prepped with a 10% povidone-iodine
solution, and an incision approximately 3 cm in length was made with a sterile surgical
scalpel. The incision was made carefully to not harm the visceral peritoneum. An
activated transmitter was removed from a sterilization agent, rinsed with saline water
before being inserted, and guided to the posterior direction of the incision. Absorbable
monofilament polydioxanone sutures (PDS, Ethicon, Somerville, NJ) with 3-0 reverse
cutting needles were used to close incisions. Five to seven sutures were used in a singlelayer, simple interrupted surgical pattern and fastened with surgeon’s knots. Surgeries
varied from 5 to 12 minutes. Povidone-iodine was applied around the sutures prior to
recovery. All surgical instruments and transmitters were placed in a sterilizing agent
(Cidex solution of 3.4% alkaline glutaraldehyde, Advanced Sterilization Products,
Miami, FL) for at least 20 minutes prior to surgery. Surgical protocol was based on
Mulcahy (2003) and Harms (2005).
Fish were returned to the holding tank or floating pen and recovery monitored.
Fish increased gill movement rate within a minute and were able to and swim upright
within five minutes. Within an hour of surgery, fish were transported to the Creole Bay
capture location and released. Total handing time was less than three hours. All fish
were of appropriate size to carry a 16 gram transmitter. A general rule of thumb is not to
exceed 1.25% of the animal’s body weight in water (Winter 1996). In the smallest fish,
the transmitter weighed 0.2% of body weight.
Evaluation of transmitter retention and surgical healing at the Grand Terre
Louisiana Department of Wildlife and Fisheries Marine Laboratory showed 100%
retention of dummy transmitters (dowel plugs) and survival of four fish over a month
period. Incisions were well healed and infection, and/or rejection of tags was not
observed.
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VR2 Receiver Array
VEMCO type 2 receivers (Vemco Ltd, Nova Scotia), or VR2s, were deployed to
monitor gross fish movement. The VR2 is a submersible single channel receiver
operating on 69 kHz that can identify the VEMCO V16 coded transmitters. A VR2
consists of a transducer, receiver, ID detector, data logging memory, and battery
compartment housed in a high pressure plastic case. Lithium D-cell Tadiran TL 5930
batteries were used to power receivers. Data are downloaded from the VR2 via the VR
PC computer interface by use of an electromagnetic communication probe to transfer data
to a personal computer.
In preliminary tests, two receivers were moored, and a transmitter implanted in a
sacrificed black drum was deployed at various distances from the receivers. The distance
from receivers was calculated by using a GPS receiver; the time of transmitter
deployment and the number of “pings” or transmissions were recorded. Range tests were
performed under various conditions and showed reception range varying from >1000 to
<400 m. Following range tests, an array of VR2 locations was created in a geographic
information system (ArcGIS 9.1, ERSI, Redlands, CA) to maximize coverage of the
study area and to minimize data lost between receivers. Receivers were placed
conservatively at 700 meter intervals with a 350 meter listening radius.

Figure 7: Telemetry experimental design, an array of VR2 receivers (left) and VRAP
system (right) on an oyster reef.
Receivers were placed surrounding the Creole Bay and Redfish Bay oyster reefs
so that movement patterns and residence time on reefs could be determined (Fig. 7). A
specific array was used from March 12 -April 5 and September 27-October 20, 2006
when researchers were on-site. When researchers were off-site between April 5 and
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September 27 and from October 20 to January 28, 2007, a separate array with fewer
receivers was used. This array, locating the receivers near pilings at Redfish Bay Creole
Bay and 3-Pilings, reduced the likelihood of damage caused by vessels.

Figure 8: VR2 rigging design, a small anchor kept the receiver vertical with hydrophone
pointing down.
Because black drum are benthic fish, VR2 receivers were moored near the surface
with the transducer pointing toward the bottom. The VR2 riggings were anchored with a
three gallon bucket of cement weighing about 20 kilograms. An eye bolt with a 4 m
length of 1cm rope was attached to the anchor. The rope terminated at a shackle on a 2.5
kg mushroom anchor. The mushroom anchor kept the VR2 vertical in the water column.
A three-foot length of 1cm rope containing the VR2 was clipped with a carabineer. The
other end of the length of rope containing the VR2 was clipped to a buoy, to allow
researchers to unclip the section of rope containing the VR2 and clip the mushroom
anchor directly to the buoy (Fig. 8). The VR2 was attached to the rope by 5 nonreleasing cable ties. Several riggings failed most due to abrasion, and afterwards the
riggings were modified by reinforcing the rope with an 25 cm length of rubber water
heater hosing and creating loops with a bowline knot instead of tying the rope directly to
bolts, shackles, and clips. This considerably lengthened the life of the riggings. To
reduce fouling in the probe hole where data are transferred, cold seal tape was wrapped
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around the receiver several times. Receivers were painted with antifouling paint in the
fall of 2006 to reduce barnacle and algal settlement.
VRAP System
A second receiver, the VEMCO radio-acoustic positioning system or VRAP, was
deployed March 12-April 5, and September 27-October 20, 2006 when researchers were
stationed on-site. The VRAP system consisted of a computer controlled base station
communicating by VHF radio to three buoys each equipped with a hydrophone and
receiver for detecting ultrasonic transmitters. The system can continuously monitor
animal movements by triangulating positions based on the arrival times of acoustic
pulses. The VRAP system was deployed at the Creole Bay study site. The buoys were
moored beyond the outer reaches of the oyster reef (Fig. 7).
The VRAP buoys were moored with concrete bucket anchors weighing
approximately 45 kgs. To prevent buoys from dragging the anchors in rough seas, a 16
kg claw anchor was shackled to an eye bolt in the bucket with 4 meters of chain. A two
meter section of chain and twelve-foot length of 1.25 cm braided rope connected the
bucket anchor to the buoy side mooring lug. The chain connected to the anchor eye bolt
with a shackle. The rope was reinforced on each end with a 25 cm section of rubber
hosing tied in loops with a bowline knot. A 16 kg dumbbell was attached to the bottom
of the buoy with 1.25 cm braided rope for ballast. Care was taken when designing the
VRAP riggings to eliminate chain near the buoy hydrophone to avoid interference with
reception. The buoys were fully charged to 12.4-12.5 volts prior to deployment. A
fourth buoy was charged and rotated in the array to keep buoys fresh. To avoid damage,
antennas were not attached until buoys had been rigged with anchors and secured in a 7
m research vessel. The hydrophone was not lowered into “listening” position until the
buoy was steadied on the gunwale and ready for deployment. Solar powered strobe lights
and radar reflectors were attached to make buoys more visible to passing vessels.
A laptop computer ran VRAP software version 5.2 (VEMCO Ltd., 2004, Shad
Bay, Nova Scotia) and plotted real-time fish locations on the screen. The base station
was connected to an antenna on the roof of the research vessel for unobstructed
communication with buoy antennas. The speed of sound was left on default, 1500 m/s,
the scan time and upload interval was set to 300 seconds, and scan delay on 0 seconds.
Transmitters did not contain depth or temperature sensors, so the default depth of 1 meter
was used. The position average algorithm was used to calculate positions of transmitters.
A map of the study area was imported into the software, calibrated for longitude and
latitude, and enabled with GIS. Buoys were set to calibrate position every 60 minutes,
and initial buoy coordinates were taken with a Garmin V receiver.
A reference transmitter (VEMCO type V9-2H) was deployed on the oyster reef as
a measure of buoy performance and for positioning error estimates. The transmitter was
suspended one meter above the substrate in a mesh bag. The reference transmitter had
lower output than those implanted in fish at 147 vs 159 dB re 1uPa@1m and
underestimated detection range. The delay period for the reference transmitter was 180
to 300 seconds.
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Environmental Parameters
Temperature, dissolved oxygen, and salinity were taken twice daily in the
morning and evening with a Yellow Springs Instrument 85. Turbidity was measured with
a secchi disk twice daily. Meteorological data including air temperature, water
temperature, barometric pressure, wind speed, and wind direction were taken by the
National Data Buoy Center weather station GISL1 at Grand Isle, Louisiana. The station
is located at 29°15'48" N 89°57'24" W approximately 14 km south of Creole Bay.
Readings were averaged per hour. Tide in meters above mean lower low water was also
averaged for each hour from NOAA station 8761724 located at Grand Isle. Daily lunar
cycles and the time of sunrise and sunset were also used in analysis.
Statistical Methods
Oyster Mortality
The experimental design for oyster mortality was a repeated measures two-way
analysis of variance contrasting seasons and comparing daily mortality rates at the two
sites (RB to measure disturbance to fish feeding caused by fishing, and CB where the
acoustic receivers were deployed but no fish captured to serve as a control). Replication
within treatment was the five trays per site. The six time trays were checked at each site
and season were the repeated measures. All statistical analyses were done in SAS
(procedures MIXED, PDIFF and UNIVARIATE, SAS Inc, 2003). Following Peterson
and Reynaud (1989) if any interaction was significant among the main effects, Tukey’s a
posteriori tests were used to compare all levels of a factor within each of the other
factors. Raw means and standard errors are presented in figures.
Fish CPUE
Black drum catch per unit effort was determined as the number of fish caught per
100 baited hooks. One-way analysis of variance (SAS proc mixed) tested whether CPUE
differed between seasons by using daily line sets as replicates. A Satterthwaite adjusted
t-test was used to test whether mean fish size differed between seasons. Simple linear
regression (SAS proc reg) was used to predict the morphometric relationship between
standard and total length. Multiple regression (SAS proc reg using forward, backward,
and r-square selection methods) tested whether a relationship existed between black drum
catch and environmental parameters. Variance inflation factor and collinearity condition
index were used to determine validity of multi-parameter models.
Site Fidelity/Residency
Presence-absence data from VR2 receivers was used to examine site fidelity,
residence time, and diel movement patterns. Continuous residence time and site fidelity
were investigated with plots of the daily location or presence of each tagged black drum.
Plots were constructed for the study area at large (detection at any receiver in array),
receivers located at the two commercial oyster reefs (CB and RB), and a receiver located
on a natural oyster reef in the northern edge of the study area (Three Pilings).
Residence time was investigated by plotting the number of detections per fish
standardized by the number of days at liberty for comparison of fish released in spring
and fall. A Satterthwaite adjusted t-test was used to compare the mean number of
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detections/fish for spring and fall and regression tested whether residence time varied
with fish size (SAS proc ttest, proc reg).
Residency was examined also with a logistic regression (SAS proc logistic)
predicting the probability of detecting a fish in the study area through time. For the
regression model, time (a continuous variable) was divided into ten day increments,
called periods, beginning with the day of release. A binomial data set was created for
each fish for twelve periods; fish presence was coded at “one” and absence as “zero”.
Since fish were released in two different seasons, a categorical variable was created for
spring and fall within the logistic regression to look at seasonal variation in residence
time. The influence of fish size was also examined with a categorical variable classifying
half of the fish as “large” and half as “small”. The null hypothesis of the logistic
regression was that the probability of fish presence did not change over twelve periods
(four months). The alternative hypothesis was that some or all of the variables (period,
season, and size) could be used to predict probability of presence. Two models were
used, a full model including all variables and a base model including only period and
season.
Periodicity
Diel periodicity was analyzed with plots of hourly detection frequency, g-tests of
goodness of fit between predicted and observed values, and a Fourier analysis. For plots
of detection frequency, the numbers of detections for all fish were placed into one-hour
bins and summed hourly for 7,658 hours of observations. Next the data were filtered and
days with no detections were deleted. The mean number of detections and standard
errors were then computed for each hour bin 0-23:00 in the time series and plotted
against an expected mean, the total number of observations divided by the number of
hours. Numbers of observed detections were also placed into day, night, and crepuscular
bins based on the lunar calendar for analysis with a g-test of goodness of fit. The
crepuscular period was defined as an hour before and after the mean time of sunrise and
sunset. This was done for two time periods, March-October (night 20:00-4:59, day 7:0017:59, and crepuscular 5:00-6:59 and 18:00-19:59) and November-January (night 18:005:59, day 8-15:59, and crepuscular 6:00-7:59, and 16:00-17:59). The two seasonal
periods were then compared with a g-test of independence.
To test for periodicity, a data set including the daily pattern of the sum number of
detections for each hour of the study was subjected to Fast Fourier analysis in Microsoft
Excel. Fourier analysis, a type of harmonic mean analysis and tool for analyzing periodic
functions, decomposes a time series into the sum of its sinusoidal components. Fourier
analysis was done on a dataset of 26,603 detections over 2,048 hours of activity of all fish
at Creole Bay. This data set spanned the time interval March 16-November 25; days with
no detections were deleted.
Habitat Use
Habitat use was examined on two spatial scales. The larger scale used VR2
presence data to show spatial use over tens of square kilometers. The smaller spatial
scale used positional estimates from the VRAP system on the order of 0.25 km2.
Habitat use on the larger spatial scale was illustrated visually for both spring
(March 12-April 5) and fall (September 27-October 20) in Arcmap 9.2, by entering the
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sum number of detections for each receiver for each season into the attribute table and
then classifying detections into five quantile groups as the percent of total. A white
(lowest quantile group) to black (highest quantile group) graduated color scheme was
used to show spatial use. A χ2 test for goodness of fit was used to compare the observed
and expected proportional use among receivers.
On the smaller spatial scale, quartic kernel density estimate maps were generated
to identify activity hot spots for spring and fall VRAP position estimates by pooling fish
over season. Oyster reef, marsh edge, and soft sediment habitat types were overlaid on
kernel density maps for comparison. Kernel density maps are useful for visualizing
trends in point pattern data. The center of minimum distance and standard deviation
ellipse were also shown as measures of central tendency.
Fine-scale habitat use was then examined by using two approaches. The first
approach defined the percent area of habitat available for oyster reef, marsh edge, and
soft sediment within a 400-meter radius of VRAP array center. This is termed the
circular boundary approach. Positional fixes for the 10 fish with the most detections
(average 255, range 37-697) were overlaid on the habitat map. The percent of fixes
falling on each habitat type was then determined for each fish. Log likelihood Chi-square
tests with the 10 fish as sampling units tested whether fish were using habitats in
proportion to their availability (Rogers and White in pres). As described by Manly et al.
1993, the first Chi-square statistic examined whether or not fish were selective in the use
of individual habitat types compared to a Chi-square distribution with n(I -1) degrees of
freedom with I being the number of habitat categories and n the number of fish (SAS Inc.
2003). A second Chi-square statistic tested whether individual fish are using habitats
similarly compared to a Chi-square distribution with (n-1)(I-1) degrees of freedom. The
difference between these two tests (I-1) df describes whether or not fish are using habitat
in proportion to availability, regardless of which ones they are selecting.
A habitat selection index (HSI) was then used to determine which habitat each
fish preferred. This index was calculated by dividing the percent of fixes over a given
habitat type by percent availability within the 400 meter circular boundary or detection
range. The HSI mean and standard errors were then plotted for each habitat type, with
preference/avoidance indicated by deviation from 1 (Ross and Winter 1981).
The second approach used position estimates for the same ten fish and created a
minimum convex polygon (MCP) around the outer points. The MCP approach was used
to define activity space within buoy reception. It does not consider habitat outside of the
outer positions as usable, and therefore is a proxy for buoy performance at the time a fish
was present. The MCP for each fish was then overlaid with a map delineating the three
habitat types. The area for each habitat type within the MCP was calculated with
polygons. A HSI was then created with percent of detections falling in each habitat type
divided by the percent availability within each fish’s MCP.
Rate of Movement
Estimates for rate of movement in meters/minute were calculated from positional
data. By using the Pythagorean Theorem, the distance between consecutive fish positions
was divided by the time in decimal minutes between detections. Only consecutive
positions within a 30-minute interval were used with a one hour recovery period after
release. The dataset contained 2,568 estimates of movement from 14 fish. Rates of
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movement were placed in hourly bins, and means and standard errors were plotted to
examine diel variation. A Satterthwaite adjusted t-test tested whether movement rates
differed between seasons, and linear regression tested whether movement rate was
dependent on fish size (SAS proc ttest, proc reg).
Geographic Information System Methods
Fish location data were exported from the VRAP software into Microsoft Excel
and included date, time, frequency, tag color, depth, alignment, ID, channel, positional
algorithm, tail, latitude, longitude, shadow latitude, and shadow longitude. Latitude and
longitude were then converted from degrees, minutes, seconds, to decimal degrees and
exported as a database file. In ESRI Arcmap 9.2, the file was opened, and the coordinate
system was changed from a geographic system to projected Universal Transverse
Mercator North American Datum 1983, zone 15. This projection created a correct
overlay on 2004 digital orthophoto quarter quadrangle (DOQQ) images of the study area.
The file was then exported as a shapefile for editing. Editing was necessary for data
collected in the spring during periods of rough weather or high noise when buoy
recalibrations resulted in false positions. Data collected during these periods were
corrected by adjusting all of the positions based on the false and real locations of the
reference transmitter.
By using Crimestat, a spatial statistics package (Ned Levine and Associates), the
shapefile was imported, and mean center and standard distance, standard deviational
ellipse, median center, and the center of minimum distance were calculated. Quartic
kernel density estimates were done by using 40 columns, a minimum sample size of 100
locations, adaptive bandwidth, and absolute densities as output units. The kernel density
estimates were saved as shapefiles, opened in Arcmap and displayed as quantities with
graduated colors by using 5 natural breaks to show activity hotspots.
Oyster reef habitat was delineated by importing a 2001 side-scan sonar image of
the Creole Bay area into Arcmap 9.2. The side-scan image shows the intensity of the
reflected acoustic signal which is altered by substrate type and depth. The intensity of the
returned signal is stronger if it is reflected off a hard surface such as oyster shell. The
information stored in the image was then classified into 10 quantile groups, and the
colors of the two highest intensity groups were altered to make areas of high reflectance
stand out. Polygons were created around oyster reef habitat within listening distance of
the VRAP system, approximately a 400 m radius from reef center (Fig. 9). A polygon
was also constructed around the marsh island to the west of the study area to deduct it
from available habitat. The amount of unavailable habitat due to the marsh (63,305 m2)
was then subtracted from total available in a 400-meter radius boundary (502,655 m2) to
yield 438,349 m2. Marsh edge habitat was characterized as within 10 meters of emergent
Spartina anterniflora, and allowed several meters of positioning error. A polygon was
drawn around marsh edge habitat facing the VRAP array. In all, oyster reef represented
198,590 m2 (45%), marsh edge 3,937 m2 (1%), and the remaining soft sediment habitat
235,822m2 (54%).
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Figure 9: Oyster reef extent delineated from a side scan sonar image.
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Results
Acoustic Tagging
Thirty-four fish were implanted with acoustic transmitters: sixteen in the spring
and twenty in the fall of 2006 (Appendix A). Mean fish length and weight were 76.06
cm SL and 11.32 kg. Twenty-eight of the thirty-four fish were caught and released on the
oyster reef at Creole Bay. Catch on the trotline at Creole Bay was limited in the fall, so
six fish were also taken from Redfish Bay and relocated 1400 M to Creole Bay. All fish
released were in good condition, and no mortality was observed. From March 16, 2006
to January 28, 2007, 139,999 detections were recorded on VR2 receivers. During
approximately 6 weeks of VRAP deployment, 2,696 positional locations were recorded.
Site Fidelity/Residency
Time series data of daily fish presence over the entire study area show variation in
fish residency over 11 months (Fig. 10). Most fish tagged in the spring (1-14) did not
exhibit short-term site fidelity, on a time scale of days after release. During the 30 days
following release, two fish showed fidelity and were observed on 23 days; the remaining
fish were not detected on more than eight days. Continuous residence time (consecutive
days with at least one detection) typically did not last longer than 20 days with one
exception: fish 1(ID 741) visited the study area almost daily from April-August. Of the
14 fish tagged in the spring, nine revisited the area for various lengths of time during
November and December and demonstrated long-term site fidelity on a time scale of
months (Fig. 10). The two fish with the longest residence times in the spring (9&14) also
remained the longest in the fall.
In the fall, four of twenty (16, 18, 25, & 32) fish visited the study site on almost a
daily basis for more than 60 days. Five fish (23, 24, 26, 27, & 34) used the study area
intermittently during Oct.-Jan., and left for period’s longer than 10 days only to return for
a few days. Four fish showed no site fidelity and a residence time of only a few hours as
they were only detected on the day of release (2, 12, 21, & 22) and then left the study
area. Overall, residence time and site fidelity appears to be highest during 0ctoberJanuary and during March (data for February not presented here).
Fish activity at the Creole Bay oyster reef was high; black drum were detected
41,457 times, 30% of the total number of detections. This receiver was unique in that it
was the only location to detect all 34 tagged fish, and only one of three locations where
monitoring occurred year-round. Site fidelity to the CB reef is of particular interest since
it is the location where most fish were caught and all were released. A time series of
daily fish presence for this receiver shows seasonal variation with site fidelity/residency
being higher in the fall and winter (Fig. 11). When compared to receivers located 1500 m
to the north-east (3-Pilings reef) and 1400 m to the west (Redfish Bay reef), four fish
displayed periods attachment unique to CB. Fish 14, 16, 18, and 34 were only detected at
CB for extensive periods and exhibited strong site fidelity and/or movement pathways
where they were not detected by the other receivers.
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Figure 10: Time series of fish presence for all receivers in the study area. A dot denotes
that the fish was detected that day. The figure insert depicts the locations of receivers.
The boxes outline periods of long-term residency or fish returning to the study area after
an extended absence. Note that during the majority of the study, receivers were located at
RB Reef, CB Reef and 3 Pilings W.
The receiver located at the Redfish Bay reef recorded the most black drum
activity, 43,940 detections or 31% of the total. When the time series is compared to
Creole Bay, fewer points are represented by fish presence, 329 vs 370, and fewer fish
were detected, 29 (Fig. 12). The high number of detections over fewer days may indicate
that fish were spending long periods of time on this reef close to the receiver so that few
signals were lost. There were two periods of local site fidelity unique to this reef by fish
9 in the spring and 25 in the fall.
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Figure 11: Time series of fish presence at the Creole Bay oyster reef (see map insert).
Boxes outline unique residency periods not detected at RB Reef or 3-Pilings.
For comparison to the above two sites where oysters were seeded, fish activity in
an area of natural subtidal and intertidal oyster reefs (3 Pilings) was also plotted in a time
series (Fig. 13). Overall fish activity was lower than at CB and RB, with 216 points of
fish presence, representing 10,596 detections, or 8% of the total. The only fish that
remained in the study area during the summer showed strong site fidelity these reefs; it
visited nightly for 88 consecutive days April 30-July 27. During this time the fish was
never detected at RB and only for one day at CB[KMB1]. These results indicate that fish
undergo routine daily migrations and that movements are not random.
I calculated the mean number of detections per days at liberty as a measure of
residency over the duration of the study (Fig. 14). For fish tagged in the spring, daily
detections had a bimodal distribution. Most fish showed short residency; the mean for 9
of the 14 fish was 1.8 detections/day, while the other five averaged 23.4. Fish tagged in
the fall had a longer mean residence time (42 detections/day) and a more even
distribution. Three fish from the fall were very site loyal and averaged between 134 and
274 detections/day over more than 113 days at liberty. The mean number of
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detections/fish was thus greater in the fall than in the spring (Satterthwaite adjusted t-test,
20.8 df, t = 2.08, p < 0.05).

Figure 12: Time series of fish presence at the Redfish Bay oyster reef (see map insert).
Boxes outline unique residency periods not detected at CB Reef or 3-Pilings.
To test whether residency time varied with fish size, the number of detections was
first divided by days at liberty to obtain a standard daily detection rate. There was no
relationship between fish size and residency time (R2 = 0.01).
I developed two models for illustrating site fidelity with logistic regression. A base
model included the variables period (1-12) and season (fall or spring) to test whether
seasonality affected site fidelity of tagged fish. A second model included the variables
period, season, and size (small or large). Fish size did not significantly affect residence
time (Table 1) in the study area.
The base model was used to predict the probability of presence at the study area
for an individual fish. The predicted probabilities with 95% confidence intervals show
site fidelity through time for spring and fall populations (Fig. 15). For fish released in the
spring, the probability of presence begins around 0.75, decreases logistically with time,
and approaches zero at period 12 (mid July). Fall fish show a different trend, with a
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lower initial probably around 0.6 and a linear decline to about 0.3 after 12 periods (early
February). On the temporal interval of months, fish tagged in the fall show higher site
fidelity with a longer residence time to the study area through the winter. The model, the
independent variables, and the interaction terms were all significant at the p<0.05 level
(Table 1). The interaction term is significant due to the higher probability of detection
for fish tagged in the spring for early periods, and then a reversal to fall fish having a
higher probability in later periods.

Figure 13: Time series of fish presence at the 3-Pilings oyster reef (see map insert). Box
outlines a unique residency period not detected at CB Reef or RB Reef.
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Figure 14: Frequency plot of the number of detections per day for fish tagged in spring
and fall
Table 1: Variables and significance level for logistic regression predicting the probability
of a fish being detected
Chi-square d.f p-value
78.13
3
<0.0001
Base Model
7.24
1
0.0071
Period
4.45
1
0.035
Season
17.22
1
<0.0001
Period x Season
78.93
5
Size Model
5.24
1
0.022
Period
3.37
1
0.066
Season
0.24
1
0.62
Size
0.64
1
0.42
Size x Season
14.42
1
<0.0001
Period x Season
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Figure 15: Predicted probability of presence in study area for fish tagged in the spring
and fall. Dashed lines are 95% confidence intervals.
Diel Periodicity
Periodicity was examined with plots of average hourly detections, plots of
expected and observed detections during day, night, and crepuscular periods, and Fourier
analysis. Periodicity of the thirty-four tagged fish was examined with 41,457 detections
from the receiver located at the Creole Bay oyster reef. A plot of the hourly mean
number of detections and standard error shows a diel pattern similar of that of fish 741
(Appendix B, Fig. A) for the warm months March-October (Fig. 16). Fish used the reef
during all times of the day during this period, but preferentially used the reef at night with
a peak in activity at 1:00 am. During the cooler months of November-January a shift in
activity is observed, with fish preferentially using the reef during the day with a peak in
activity at 13:00.
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Figure 16: Diel periodicity for all fish at the Creole Bay oyster reef. Data are the means
+ standard error for each hour of the day and plotted by warm and cold months. Dashed
lines are the predicted values (total number of detections/hours).
The Creole Bay dataset was divided into the period’s day, night, and crepuscular
(see methods), and the observed and predicted values were plotted and tested with a
goodness of fit G-test. The plot reveals that fish preferentially used the reef during the
night during the warmer months and during the day for cooler months (Fig. 17). Activity
during crepuscular periods was very close to expected for both warm and cold months.
The goodness of fit G-test for March-Oct. and Nov.-Jan. shows departure from expected
use (March-Oct., G = 2493, 2 df, p < 0.001., Nov.-Jan., G = 274, 2 df, p < 0.001). A Gtest of independence between warm and cool months was also significant (G = 496, 1df,
p < 0.001). Figures 16 and 17 and G values show that periodicity was not as pronounced
for fish during the cooler months as warmer ones and may not be as important during this
time of year.
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Figure 17: Percent of detections observed and expected during three periods of day for
warm and cool months.
Fourier analysis of 2048 hours of continuous observations revealed strong 24 hour
periodicity for fish at Creole Bay from March-November (Fig. 18). A peak occurs for the
sine function with a cycle of 24 hours and magnitude near 6000. This 24-hour cycle
represents a diel preference and pattern of movement toward and away from the receiver
and reef.

Figure 18: Periodogram of activity use for thirty-four fish at the Creole Bay oyster reef
during 2048 hours of observations.
Periodicity was also examined for fish 741 that visited the natural oyster reef in
the north-east portion of the study area daily for 88 consecutive days, April 30-July 27.
This fish showed strong diel rhythms over this period (Appendix B, Fig. A). Mean
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sunrise and sunset were at 5:07 and 18:55, and closely matched the crepuscular increase
and decrease in detections. A goodness of fit G-test detected that observed and expected
values differed between the period’s day, night, and crepuscular(G = 4914, 2df , p <
0.001) and indicated that this fish preferred being near the reef at night and avoided the
reef during the day. The fish was detected almost exclusively at night with a peak in
activity at 2:00 am. Fourier analysis of 2048 hours of continuous observations revealed
strong 24 hour periodicity for fish 741 (Appendix B, Fig. B). A peak occurs for the sine
function with a cycle of 24.09 hours and magnitude near 3000. These 24-hour cycles
represent a pattern of movement toward and away from the receiver and reef.
Rate of Movement
The mean rate of movement for 14 fish was 9.86 m/min. Rate of movement
varied with periods of slower movement at 12:00-15:59 hours and 21:00-6:59 hours and
periods of faster movement 16:00-20:59 and 7:00-11:59 hours (Fig. 19). Periods of slow
movement correspond to times of increased fish activity on the reef (see Fig. 16). These
two behavioral modes are classified here as periods of inactivity and presumably
represent feeding or resting, and activity where fish are traveling between reefs or
between resting and foraging locations. Rate of movement was higher in the spring,
14.15 m/min than in fall, 7.97 m/min (t = 6.84, 906 df, p < 0.001). Movement rate did
not vary with fish weight, R2 = 0.22, 12 df, p = 0.08.

Figure 19: Diel variation in rate of movement for 14 fish. Data represent means and
standard errors. Two behavioral modes are identified in boxes as traveling and
feeding/resting.
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Habitat/Spatial Use
On the spatial scale covered by VR2 receivers (~6 km2), spatial use by fish over
23 day periods were plotted for the spring and fall (Figures 20 & 21). Figures show the
percent of the total amount of detections (or time) that fish spent in various locations in
the study area. A chi-square test for goodness of fit revealed that spatial use was not
random (χ 2 = 91.04, p < 0.0001). In the spring, fish showed spatial preference for the
two seeded reefs (48% of total, see black shading Figure 20) and for the area around a
Rangia shell island (dark gray shading in southern part of figure). The location with the
most detections was the Creole Bay reef, with 34%. Fish avoided large areas of open
water with soft sediment substrate (light shading on southern and eastern edges).

Figure 20: Variation in spatial use during the period March12-April 5. Receiver coverage
with darker shading indicates areas most utilized. The two receivers with the darkest
shading were situated on the oyster reefs seeded with commercial oysters.
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Spatial use by fish tagged in the fall was similar to that in the spring with activity
concentrated at the two reefs where oysters were seeded. A chi-square test for goodness
of fit reveals that space among receivers was used not used randomly (χ2=210.0
p<0.0001). Over the 23 day period, 62% of all detections occurred on the bedded oyster
reefs (Fig 21). However, the reef with the highest percent of detections changed from
Creole Bay in the spring to Redfish Bay, 40% of total. One other major change in spatial
use was that the Rangia shell island was used proportionally much less in the fall 0.3%
than spring 11%.

Figure 21: Variation in spatial use during the period September 27-October 20. Receiver
coverage with darker shading indicates areas most utilized. The two receivers with the
darkest shading were situated on the oyster reefs seeded with commercial oysters. Note:
the receiver coverage with white shading next to the Creole Bay label represents data
from October 14-20 because the initial receiver was lost.
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Spatial use on the scale of .5 km2 was determined with positional fixes from the
VRAP system. Central tendency and activity hotspots for spring and fall fish are overlaid
on a habitat map to show core areas of use (Figures 22 & 23[KMB2]). Center of minimum
distance is used here as a measure of central tendency of for the point pattern data. In the
spring, the center was at 790439/3253765(UTM zone 15) and fall 790384/3253835 a
difference of 88 meters. The kernel density map for the spring shows one activity hotspot
near the southern edge of the reef (Fig. 22). Fish also used peripheral reefs to the south
of the main reef. The area of activity is oriented in E-W direction, shown by the standard
deviational ellipse.

Figure 22: Kernel density estimates for spring fish showing an activity hotspot near the
southern edge of the oyster reef.
The kernel density map for fall fish locations shows a similar pattern (Fig. 23).
One major activity hotspot is located in the southern portion of the reef and two smaller
areas of activity are to the north-west and south. The overall orientation of activity is
NW-SE, parallel to the marsh edge. In both seasons, fish were also active on soft
sediment just south of the main reef in an area where pilings provide structure.
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Figure 23: Kernel density estimates showing one primary and two secondary activity
hotspots for fall fish. Two of the three hotspots area located on the oyster reef.
To empirically test whether fish were selecting for a preferred habitat, two
approaches were used on datasets of positional data for the 10 fish with most detections
(Table 4). The first approach used only positional fixes falling within a 400 meter
circular boundary from the array center (Fig. 24). The proportion of habitat available
within the circular boundary (expected) was compared to the proportion of fixes for each
fish in each habitat (observed[KMB3])

37

Figure 24: Detections for ten fish overlaid on a habitat map delineating marsh edge,
oyster reef, and soft sediment. A 400-meter radius circle was used as a habitat boundary,
beyond which positional accuracy and dependability is questionable. Fixes outside this
boundary were eliminated. The black polygon is a shadow area created by marsh.
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Log-likelihood chi-square tests were used to determine whether fish used habitat
in proportion with availability or selection was taking place for a preferred habitat. The
resulting chi-squared value for the test of selection is χ2 = 911.4 with 20 degrees of
freedom (Table 2). The resulting P value (< 0.0001) indicates that fish were selective in
the types of habitat they used. The test of similarity yielded a χ2= 494.4 with 18 degrees
of freedom. Again the probability of this occurring by chance was very low (P < 0.0001)
and indicated individual fish are using the available habitats differently. The difference
between these two chi-squares, X2=417 with 2 degrees of freedom (P < 0.0001),
demonstrates that fish are not using habitats in proportion to their availability.
Table 2: Results of log likelihood Chi-square tests comparing habitat use and proportion
of availability for 10 fish. Tests demonstrate that selection for particular habitats is taking
place and that there is variation among fish as to which habitat they prefer. The
difference between the two tests indicates strong overall selection for a particular habitat
type.
ID#/ χ2Test
Chi Sq D.F. Prob Total Fixes
Season
741
6.6
2
0.038
124
Spring
743
3.0
2
0.226
153
Spring
744
10.9
2
0.004
68
Spring
754
69.0
2
<.0001
424
Spring
800
281.4
2
<.0001
679
Fall
802
70.0
2
<.0001
167
Fall
806
4.6
2
0.098
61
Fall
808
422.2
2
<.0001
676
Fall
809
14.4
2
0.001
115
Fall
2588
29.3
2
<.0001
37
Fall
Total
911.4
20
<.0001
2504
Fish*Habitat
494.4
18
<.0001
Difference
417.0
2
<.0001
The second, more conservative approach for estimating habitat preference used
MCPs, minimum convex polygons. An example of the MCP approach for fish 808 is
shown in Figure 25. Maps were created with locations for the 10 fish to estimate the
proportion of habitat available within each fish’s MCP and compared to the circular
boundary approach.
Once selection was established with the log likelihood Chi-square, a habitat
selection index (HSI) was created to identify which habitat types were being selected for
or against. If a habitat is being used in proportion to its availability then the HSI will not
differ from 1[KMB4]. Mean HSI scores for the 10 fish were plotted for each habitat type
(left side Fig. 26). HSI values indicate that fish are using oyster reef habitat
preferentially while avoiding soft sediment and showing no preference or avoidance to
marsh edge. The two approaches, circular boundary and MCP yield similar results
although the MCP proves to be more conservative. The observed and expected percent
of total detections based on habitat proportion for the circular boundary approach are also
plotted (right side Fig. 26).
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Figure 25: An example of the minimum convex polygon method for determining habitat
use for fish 808. The proportion of each habitat type available for ten fish was
determined by using their MCPs and compared to observed proportion of use[KMB5].
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Figure 26: Habitat selection index (left side) comparing circular boundary and minimum
convex polygon approaches. Data are means and standard errors. The MCP approach is
more conservative but still shows deviation from the expected value of 1. Fish are
showing preference for oyster reef habitat and avoidance of soft sediment. The overall
observed and expected utilization for the circular boundary approach is plotted on the
right. [KMB6]
General Movement Patterns
It was not uncommon for acoustic tagged fish to leave the VR2 study area on a
periodic basis. The home range size of all tagged fish exceeded the size of the study area
and could not be estimated with confidence. Fish would not only leave the reefs around
sunrise but the entire receiver array, and were often last detected on the western most
receiver as they moved out of Redfish Bay and into Hackberry Bay. After being absent
during the day, fish would often return to the study area the following evening and move
from reef to reef during the night. On several occasions in the fall fish 800 and 808 were
located during the day with a VR60 receiver near Bayou Casstete (786430/3253900) in
SW Hackberry Bay. Both fish returned to the Creole Bay reef during the following night,
by traveling approximately 4 km. Relocating fish during daytime hours was difficult and,
if a preferred daytime refugia or habitat exists, it remains unknown.
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Oyster Mortality
The two main effects (season and mark recapture/no mark-recapture disturbance)
were not significant (p>0.05) in the repeated measures analysis of variance of oyster
mortality; however the interaction of season x mark recapture disturbance was significant
(p<0.001). Tukey’s a posteriori pair-wise comparisons indicate that CB fall vs RB fall,
CB spring vs RB spring, CB fall vs CB spring, and RB fall vs RB spring were all
significant while CB fall vs RB spring and CB spring vs RB fall were not. When means
are plotted temporally (Fig. 27) the interaction is evident; mortality was very high at CB
(no disturbance) and very low at RB (disturbance) in the spring. The trend then reversed
in the fall, being very low at CB and very high at RB. A temporal trend was found with
oyster mortality decreasing through time (Wilks’ λ F = 9.72, 5 d.f., p<0.001). It is also
interesting the consistent spatial variation of mortality at CB in the spring where the
majority of feeding took place at the southern three trays.

Figure 27: Oyster mortality at Creole Bay (acoustic tagging only) and Redfish Bay
(possible disturbance due to mark recapture study) during the spring and fall, values are
means + standard error for five trays.
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Conventional Tagging
A total of 790 black drum were tagged with dart tags. Fish ranged from 45-97 cm
standard length with a mean of 68.9. Mean fish size was significantly smaller during the
spring sampling period than in the fall (Proc ttest, 269 d.f., t=4.47, p<0.0001, Fig. 28).

Figure 28: Frequency and size distribution for black drum caught in the spring and fall.
Catch-per-unit-effort (CPUE = catch per 100 hooks) was also significantly higher
in the spring, 22.3± 2.9, than fall, 6.0 ± 2.4 (ANOVA, 46 d.f., F = 61.4, p < 0.0001).
CPUE plotted through time (Fig. 29) indicates seasonal variation and an attraction of fish
to the reef after oyster bedding[KMB7]. Linear regression predicted a close relationship
of standard length to total length with the equation y = 1.0824x + 6.973 (F = 23387,
R2=0.968). The regression equation can be used to convert lengths of data presented here
for comparison with other data sets.
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Figure 29: Catch per 100 hooks for spring and fall. Values are mean catch + standard
error for three day intervals. * denotes that oysters were bedded after the third sampling
day.
Multiple regression of daily environmental parameters and the number of black
drum caught produced a strong three variable model with dissolved oxygen, barometric
pressure, and wind speed (R2 = 0.564, F = 21.08, p < 0.0001). However, this model
suffered from collinearity problems between dissolved oxygen and barometric pressure
(condition index value > 30). When barometric pressure was removed, the two variable
models did not significantly improve the fit compared to a linear regression of catch with
dissolved oxygen. Regression indicated that when dissolved oxygen levels were high,
fish catch was also high (Fig. 30, R2 = 0.493 F=49.5, p < 0.0001). However, when
seasons were separated, a linear regression of fish catch with dissolved oxygen in the fall
was significant (F = 6.45, p < 0.02), but not for the spring when concentrations were
generally high (F= 0.4, p = 0.82). The mean levels for the environmental parameters
water temperature, salinity, dissolved oxygen, air temperature and barometric pressure
differed between seasons (Table 3).
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Figure 30: Linear regression of increasing fish catch with dissolved oxygen
concentrations.
Table 3: Seasonal variation in several environmental parameters, along with F values and
significance levels from a one-way analysis of variance contrasting variation between
seasons. Data are means + standard errors, and sample sizes are given in parentheses.
Superscripts refer to significance differences among means based on a posteriori Tukey’s
tests. For the F values * = P < 0.01.
Spring (48)
Fall (48)
F-value
20.5±1.8
26.3±1.3
70.6*
Water Temperature ºC
17.8±2.0
23.4±1.6
34.7*
Salinity PSU
-1
8.0±1.0
5.9±1.0
94.3*
Dissolved oxygen mg/L
49.6±5.04
41.2±3.6
1.3
Secchi depth cm
19.8±1.9
25.6±1.5
58.23*
Air Temperature ºC
4.4±1.4
3.7±1.4
0.16
Wind speed m/s
168.6±8.3
163.1±8.7
0.62
Wind Direction
1019.8±2.1
1016.3±2.0
11.8*
Barometric Pressure m bars
Of the 790 black drum tagged, five fish were recaptured, for an overall recovery
rate of 0.6%. Four fish were recaptured at Redfish Bay after 6, 8, 84, and 117 days at
liberty. The individual caught 6 days after tagging was caught a second time 9 days after
the first re-capture. The fifth fish was recaptured by a fisherman in the Barataria
Waterway in Lafitte, Louisiana on July 16, 2006. This fish traveled a minimum distance
of 46 km by water during 119 days at liberty.
Bycatch caught on trot lines included 21 Arius felis, 31 Bagre marina, and 46
Scianops ocelatus. Bycatch showed the reverse of the seasonal trend seen for black
drum, with 76 of 98 fish caught in the fall. The ratio of bycatch to black drum was thus
much lower in the spring (3%) than fall (35%).
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Discussion
Variation in Site Fidelity/Residency
Site fidelity of black drum to oyster reefs varied seasonally and was dependent on
the time scale of investigation. In the spring, fish showed little site fidelity over days or
weeks; however 64% of fish returned the following winter and showed long-term
seasonal or annual fidelity to the area. This pattern is most likely related to the life
history of black drum, where fish spend the cooler months in higher salinity coastal areas
and lower bays, foraging and spawning, and the warmer months foraging in lower
salinity upper bays and brackish areas. Fish may have prescribed migration routes to
spawning grounds that bring them through Creole Bay. This pattern of intra-bay
movement has been described previously in mark-recapture studies (Miles 1949,
Simmons and Breuer 1962). Fish spending long periods of time in the Creole Bay area
during the winter could be spawning. Depth conditions, salinities, and temperature in
channels in the Creole Bay area are similar to those described by Saucier and Baltz
(1993) as the preferred spawning habitat. Small drumming aggregations at night
observed in early March further corroborate this hypothesis.
Fall fish show higher fidelity to the study area and longer residency over days and
weeks. These fish most likely began their migration a few weeks earlier than spring fish.
Some fish tagged in the fall left immediately perhaps to continue their migration while
others remained loyal to the area for months. It is not uncommon to observe multiple
behavioral modes and dispersion patterns among a fish population (Attwood & Bennett
1994). In a similar tagging study with an array of seven hydrophones, residence time of
snapper varied from 11 to 343 days with some fish resident and some highly mobile (Egli
and Babcock 2004).
When this study was designed, the goal was to collect data on three spatial scales
by using various tagging types and telemetry receivers. However, the quality of
information collected at the largest spatial scale is low, with less than a 1% dart tag return
rate, and does not allow for much interpretation of intra- and inter-bay movement
patterns. The VRAP system allowed investigation of fine scale movements, habitat use,
and speed of movement, but at the expense of spatial coverage. The VR2 receivers
allowed generalizations to be made about habitat use, periodicity, and site
fidelity/residency, but with limited accuracy. Traditional tags would have indicated
where fish were going outside of the study area and possibly provide population
estimates of fish inhabiting Redfish Bay. A nice complementary set of data could have
been gathered from archival tagging. Archival tags would have given positional
estimates on fish without being restricted by receiver placement.
Schooling behavior is often observed with black drum (Miles 1949, Simmons and
Breuer 1962, Darnell 1958). Although not empirically tested, fish did not appear to show
school fidelity. Multiple fish shared diel movement patterns and co-occurred at reefs on
consecutive nights, but they were not traveling together, i.e. entering and leaving
reception range at similar times. Also, when fish were recaptured they were solo
occurrences. Earlier schooling observations may be more properly described as
aggregations although further research is needed to test school fidelity (see Klimley and
Holloway 1999).
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Periodicity Patterns
Black drum show twenty-four hour periodicity in their movements and timing of
visits at oyster reefs. Periodicity is not an unusual behavioral rhythm with fish. Diurnal
activity patterns have been observed by using acoustic telemetry with tautog (Arendt et
al. 2001), California sheephead (Topping et al. 2005), bluespine unicornfish (Meyer et al.
2000), and blue rockfish (Jorgensen et al. 2006). Nocturnal activity has been documented
with giant trevally (Wetherbee et al. 2004) and whitesaddle goatfish (Meyer et al. 2000).
High crepescualar activity levels have been observed with perch (Zamora and MorenoAmich 2002) and cod (Lokkeborg et al. 2002). Other fish show a strong association with
tidal periodicity; brook char (Curry et al. 2006) and snapper (Hartrill et al. 2003) are
examples. For many fish, periods of increased activity are associated with foraging,
however with black drum periods of decreased activity are mostly like indicative of
foraging on mollusks. This study was somewhat unusual in that periodicity changed
seasonally. Fish visited reefs mostly at night during the warm months and at day during
the cooler months.
Rate of Movement
The mean rate or speed of movement for black drum is among the slowest
observed when using the VRAP system (Table 4). Fish had the slowest movement
during the night when locations were highly clustered. While direct observations were
not possible in the turbid water, this behavioral pattern was interpreted as a feeding event.
On several instances, fish spent hours near Nestier trays. The trays were checked the
following morning, and significant mortality was noted. Speed of movement was much
higher during the morning (7:00-11:00) and evening (16:00-20:00) when fish were
presumably traveling between nocturnal foraging locations and diurnal resting locations.
Dusk/dawn migrations are known for many families of coral-reef fishes. Crepuscular
migrations between habit patches have been observed by using telemetry for white grunt
(Tulevech and Recksiek 1994), snapper (O’Dor et al. 2001), and bluespine unicornfish
(Meyer and Holland 2005). The daytime refugia locations are unknown, but are likely to
be areas where water temperatures and or dissolved oxygen levels are preferred to those
at the oyster reefs. The diurnal and nocturnal behavioral modes revealed are extremely
different.
Table 4: Rate of movement for various fish species using the VRAP system
Species
ROM cm/sec
Source
Black drum
4.8-8.5
This study
Cuttlefish
5
O’Dor 2002
European perch
6-10.4
Zamora and Moreno-Amich 2002
Lake whitefish
6.3-25.5
Begout-Arnas et al. 1999
Reef squid
17
O'Dor 2002
Cod
27-32
Lokkeborg et al. 2002
European catfish
21-36
Carol et al. 2007
Sarpa salpa
70-190
Jadot et al. 2006
White shark
130
Klimley et al. 2001
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Oyster Reef as Important Habitat
Fish preferred oyster reef to marsh edge or soft sediment. This is not surprising
since reefs provide a higher density of potential food items that other habitat types. This
supports other studies showing fish use structured or heterogeneous habitat more than
unstructured bottom, although both are used and important. Harding and Mann (2001)
found that transient estuarine fish size and abundance increased with complexity from
sand bar to oyster reef, but all species were collected in all habitat types. It was
interesting that no trend was found between fish size and time spent on the reef, even
though a diet study of black drum caught in same area found that larger fish were more
likely to have consumed oysters (George et al., ms in prep). In other VRAP habitat
studies, blue rockfish, spent 90% of time in the kelp canopy and showed a high affinity
for submarine pinnacles (Jorgensen et al. 2006). Spawning habitat was identified as
cobble, boulder, and detritus for lake whitefish (Begout-Arnas et al. 1999).
Seasonal Variation in Oyster Mortality
Oyster Mortality varied spatially and seasonally and made the interaction difficult
to interpret. During the spring, the presence of trot lines on the Redfish Bay reef may
have led to decreased oyster mortality. The findings are consistent with decreased oyster
mortality in the spring at trot line plots compared to control plots during removal
experiments at Creole Bay (Brown et al. ms in prep). The presence of fish struggling on
trot lines may have frightened other fish from the reef, or more likely the lines were
effective at catching fish, and, when released, they fled the area, and yielded low
recapture rates. Mortality at Creole Bay was spatially variable; it appeared that once fish
had discovered a tray, they would habitually return to feed out of it. Trays only 60
meters away were not discovered and had very little mortality over three weeks.
In the fall, the reverse trend occurred with increased mortality at Redfish Bay and
lower mortality at Creole Bay with no fishing effort. These results are not supported by
the fall removal experiment when very little mortality occurred regardless of fishing
(Brown et al. ms in prep). The acoustic tagging shows that fish were using the Creole
Bay reef, but tray mortality was low. Perhaps with lower numbers of fish caught on the
trot lines they were not as effective as a deterrent to incoming fish. The warmer water
temperatures may have decreased the amount of time that baits were attractive to fish and
make them less effective. To test this hypothesis, hook timers could be used on gangions
to estimate the number of fish consuming baits through time. [KMB8]
Conventional Tagging Trends
Catch data show seasonal variation in abundance and size, with more fish of a
smaller average size present in the spring. These findings are inconsistent with Simmons
and Breuer’s (1962) observations from creel census data in Laguna Madre where average
fish size was 7 kg in February-March and 1 kg for June-July; however the authors did not
present data on size distribution in the fall. Nearly all fish caught by the sampling gear
were sexually mature and it is likely that fish are aggregated in schools associated with
spring spawning activity. Also, small fish may be attracted to the area in the spring to
feed upon small oysters from the major fall spat settlement that are too large to consume
in the fall. In the fall when the population may have a more dispersed distribution, fish of
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a larger size (and thus better equipped to consume oysters) are more common. During
the summer and fall, smaller fish may be drawn to areas where small mollusks such as
the hooked mussel Ischadium recurvum and the dwarf surf clam Mulina lateralis are
more abundant.
Fish size and abundance could have been affected by the selective removal of
more than 900 fish from the Creole Bay reef during the fall of 2004 and spring of 2005
with gillnets and trot lines (Brown et al., ms. in prep). Compared to the removal
experiments, daily catch per unit effort was higher during the spring in this study
(22.3+2.9 vs 14.2+0.6) and lower in the fall (6.0+2.4 vs 13.8+0.9). The seasonal change
in size distribution was similar during removal experiments with smaller fish on average
in the spring (64.4+1.0 cm SL) than the fall (72.8+0.8).
The greater abundance of fish at higher dissolved oxygen concentrations could
have been due to fish seeking areas of preferred water conditions. During the study,
oxygen levels never reached hypoxic conditions for fish, >2 mgl-1, with a low of 4.24
mgl-1 on the morning of October 5 (Note: oxygen readings were taken in the middle third
of the water column, conditions near the substrate could have been lower). Large
hypoxic zones occur annually along coastal Louisiana, in particular offshore of the
Barataria and Terrebonne estuaries (Rabalais et al. 2002). Shallow Gulf of Mexico
estuaries including Barataria Bay experience variable hypoxic events; however these
events are not extremely common because of characteristics that limit stratification
including shallow depth, low freshwater inflow, and low tidal energy (Engle et al. 1999).
The oxygen threshold at which black drum respond by moving to a more favorable
location is not known. In a laboratory study of the sciaenid Leiostomus xanthurus, fish
showed preference for oxygen concentrations of 6 mgl-1 vs 4 mgl-1 and spent 80% of their
time in the higher concentration (Wannamaker and Rice 2000). Fish movement in this
study could have been similarly influenced by preferred oxygen levels.
Mark-recapture rates for fish outfitted with traditional tags were very low with
only 0.8% returned, and suggested that fish have very little site fidelity. Other black
drum mark-recapture studies also had low returns of 1-3.7% (Simmons and Breuer 1962,
Osburn and Matlock 1984, Tremain et al. 2004, Murphy et al. 1998). From acoustic
tagging, fish are still visiting the study area after being tagged, so it is possible that some
gear avoidance is taking place.
Impact of Hurricanes and Other Issues
In the fall of 2005, hurricanes Katrina and Rita made landfall long the Louisiana
coast and further fragmented vegetation and dispersed sediment. Marsh islands in the
study area were noticeably more fragmented afterward, and oyster mortality occurred.
Damage from the hurricanes affected the abundance and size of oysters during this study
and could have altered fish behavior. Mortality on public seed grounds adjacent to
Redfish Bay in Hackberry Bay was approximately 70% due to shifting bottom sediments
and subsequent burial (pers. comm., Patrick Banks Louisiana Department of Wildlife and
Fisheries). Several weeks after the hurricanes an extraordinary spat set replenished the
area with small oysters (Patrick Banks LDWF). During this study, an abnormal size
distribution of oysters would have been available to fish. In the spring, very few adult
oysters would have been present, and small juveniles would have been highly abundant.
The rate of instantaneous growth for oysters is depressed with cooler temperatures (Dame
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1972), and oysters were likely too small for consumption in early March. This, combined
with a small load of supplied seed oysters, may help explain the seasonal difference in
site fidelity. With food resources relatively scarce and few oyster fishermen actively
working leases in the spring of 2006, fish may have been more apt to wander and show
little site fidelity. In the fall and winter of 2006, the oysters present were likely of a
preferred size and fish had a stronger site attraction. Unfortunately, there are no data for
comparison on black drum movements before the hurricanes.
In hindsight it would be very valuable to have fine resolution water chemistry
data to accompany the VRAP data. A sonde or data logger able to store temperature,
dissolved oxygen, and salinity at 15-30 minute intervals would have allowed an analysis
of these variables with fish presence and rate of movement. It would be interesting to test
whether dissolved oxygen levels have an effect on whether fish visit and their visit
duration, timing, and activity level.
This study was also limited in spatial scale. Even though more than 10 km2 were
covered, it was not large enough to determine the home range size of black drum. It was
found that drum exhibit homing behavior and routinely travel distances >2.5km to visit
multiple reefs. Future acoustic tagging studies on black drum would benefit from either a
larger spatial coverage with more receivers or a curtain array, continuous or short delay
tags that allow manual tracking outside the array, or pop-up archival satellite tags. PAT
tags would have the added advantage of gathering information on the seasonal migrations
routes and site-fidelity to spawning and feeding areas. Fish may commonly make short,
seasonal use of the reefs in the mid-estuary as feeding areas or homing waypoints during
annual spawning migrations.
An interesting follow-up study would be to investigate the role of vertical relief in
natural oyster reefs compared to low relief/degraded oyster leases to see if fish are more
attracted to the disturbed areas. The oyster fishery may play a role in attracting predation
by dredging oysters into singles and small clumps that allow easier access and
manipulation by predators. There is also the potential that the fishery is mediating a
trophic cascade. Local abundance of black drum may be able to control oyster
abundance on low relief/degraded reefs and consequently impact algal abundance and
composition. Fish behavior in an area consisting of a high and low relief or disturbed and
undisturbed reefs in close proximity could be studied with the VRAP system to pick apart
some of these questions.
It is important to acknowledge the general properties and problems associated
with making repeated observations on variables along a time series (temporal
autocorrelation) or geographic space (spatial autocorrelation). Autocorrelation causes
problems for classical statistical tests that assume independence of observations. When
replicate samples like fish locations through time are not truly independent but are treated
as though with statistical tests, then psuedoreplication has taken place (Hulbert 1984). To
help circumvent problems with autocorrelation and pseudoreplication, non parametric
tests were used with individual fish as replicate experimental units. In some cases
autocorrelation is unavoidable and significance levels may be inflated; however, the
biological trends are undeniable.
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Recommendations for Management
Trot lines with 13/0 circle hooks baited with crab chela effectively catch black
drum, while minimizing bycatch species. Based on the percent of oysters in the diet and
abundance at size, fish 62-66 cm SL have the greatest potential to negatively impact
commercial oyster stocks (George et al. ms in prep). Daily physical removal of fish can
lead to increased oyster survival and harvest, although the effect of fishing varies
seasonally and spatially (Brown et al. ms in prep). Results are inconclusive from this
study whether or not tagging and releasing fish is also effective in decreasing mortality
due to predation. It is evident from tagging that many individuals in the population are
highly mobile and that short term removal of “resident” individuals will not be effective
in the long term because of immigration to the area. Fish abundance on the Redfish Bay
reef increased two fold in the few days following bedding, and this may be the most
critical period to protect oysters. Since fish show strong diel periodicity, fishing should
be focused at night during the warmer months (March-October) and during the day
during the cooler months for optimal catch per unit effort. On an annual cycle, fish show
highest site fidelity to the Creole Bay area (wet-dry/wet oyster zone transition) from
October-April, and fishing could be particularly important during this time.
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Summary and Conclusions
Black drum movements, residence time, site fidelity, and habitat use were
described by using acoustic telemetry. Overall, fish exhibited multiple behavioral
patterns. Residence time and site fidelity were variable between fish and between
seasons. In general, fish showed stronger site fidelity to oyster reefs in the fall and winter
than in spring and summer. Long term site fidelity on an annual basis appears to be
common and fish may use reefs seasonally as feeding stops or homing waypoints on
spawning migrations. Strong diel patterns were observed; fish made use of oyster reefs
during the night in warmer months and day in cooler ones. Speed of movement also
varied with the time of day; movement was fastest in the hours preceding dusk and
following dawn. Periods of faster movement were identified as daily migrations >2km in
length to and from preferred diel and nocturnal habitats. Since fish left reception range
on daily migrations, home range size could not be estimated. Fish showed preference for
oyster reef habitat and avoidance of soft sediment. Conventional tag and release methods
found an increased abundance of fish on a reef as dissolved oxygen concentrations
increased but yielded little information on long distance movements/migrations. Results
testing the effectiveness of tag and release methods on increasing oyster survival were
inconclusive. Results presented here may aid oyster fishery managers interested in
minimizing black drum predation on commercial oysters and will serve as a reference
study for further work on fish movements in Louisiana’s coastal estuarine system.
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Appendix A. Fish Attribute Table
Attribute table of 34 fish tagged with acoustic transmitters.
Date
Location
3/16/06
CB
3/16/06
CB
3/16/06
CB
3/16/06
CB
3/16/06
CB
3/18/06
CB
3/18/06
CB
3/18/06
CB
3/18/06
CB
3/18/06
CB
3/31/06
CB
4/1/06
CB
3/25/06
CB
3/25/06
CB
9/28/06
CB
9/28/06
CB
9/29/06
CB
9/29/06
CB
9/29/06
CB
9/29/06
CB
9/30/06
CB
9/30/06
CB
10/1/06
CB
10/1/06
RB
10/2/06
RB
10/2/06
CB
10/6/06
RB
10/6/06
CB
10/6/06
CB
10/6/06
RB
10/6/06
RB
10/6/06
RB
10/7/06
CB
10/7/06
CB

Dart tag #
202
203
201
204&205
206
212
208
210
211
209
491
522
377
376
653
652
670
671
672
673
674
675
718
719
733
732
746
744
745
748
747
749
750
751

Acoustic
tag #
741
742
743
744
745
746
747
748
749
750
751
752
753
754
799
800
801
802
803
804
805
806
807
808
809
810
2581
2582
2583
2584
2585
2586
2587
2588

SL (cm)
79
73
86
67
72
73
80
71
67
70
72
80
71
68
83
79
75
76
74
89
78
75
78
84
81
74
80
74
73
80
75
72
85
72
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Weight
(kg)
11.9
8.8
15.2
7.5
8.8
8.7
14.7
8.5
7.0
7.3
8.9
13.4
8.6
8.3
14.2
13.0
10.2
11.4
11.7
20.7
10.9
11.8
12.6
14.3
14.2
10.0
11.1
10.3
9.9
15.0
9.8
10.7
15.2
10.2

# VR2
detections
9245
722
3538
1199
691
242
3536
160
8874
554
344
354
692
11556
237
16317
2911
7515
347
1777
405
551
4463
6647
16378
782
501
3403
347
20
38
31204
1755
2691

# VRAP
detections
122
9
186
63
0
3
0
0
0
0
0
0
0
422
6
664
9
165
26
19
17
58
3
659
113
20
0
0
0
0
0
0
0
34

Appendix B. Diel Periodicity of Fish 741

Figure A: Diel periodicity of one fish visiting a natural oyster during 88 days. Data are
hourly means and standard errors. The dashed line is the expected value of no
periodicity.
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(Appendix B cont)

Figure B: Periodogram of fish 741 activity on a natural oyster reef over 2048 hours of
continuous observations
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